In response to the oxidative stress imposed by redox-cycling compounds like paraquat, Escherichia coli induces the synthesis of SoxS, which then activates the transcription of ϳ100 genes. The DNA binding site for SoxS-dependent transcription activation, the "soxbox," is highly degenerate, suggesting that the genome contains a large number of SoxS binding sites. To estimate the number of soxboxes in the cell, we searched the E. coli genome for SoxS binding sites using as query sequence the previously determined optimal SoxS binding sequence. We found ϳ12,500 sequences that match the optimal binding sequence under the conditions of our search; this agrees with our previous estimate, based on information theory, that a random sequence the size of the E. coli genome contains ϳ13,000 soxboxes. Thus, fast-growing cells with 4 -6 genomes per cell have ϳ65,000 soxboxes. This large number of potential SoxS binding sites per cell raises the interesting question of how SoxS distinguishes between the functional soxboxes located within the promoters of target genes and the plethora of equivalent but nonfunctional binding sites scattered throughout the chromosome. To address this question, we treated cells with paraquat and used Western blot analysis to determine the kinetics of SoxS accumulation per cell; we also determined the kinetics of SoxS-activated gene expression. The abundance of SoxS reached a maximum of 2,500 molecules per cell 20 min after induction and gradually declined to ϳ500 molecules per cell over the next 1.5 h. Given that activation of target gene expression began almost immediately and given the large disparity between the number of SoxS molecules per cell, 2,500, and the number of SoxS binding sites per cell, 65,000, we infer that SoxS is not likely to activate transcription by the usual "recruitment" pathway, as this mechanism would require a number of SoxS molecules similar to the number of soxboxes. Instead, we propose that SoxS first interacts in solution with RNA polymerase and then the binary complex scans the chromosome for promoters that contain a soxbox properly positioned and oriented for transcription activation. We name this new pathway "pre-recruitment." © 2002 Elsevier Science (USA)
SoxS is the direct transcription activator of the Escherichia coli superoxide regulon, also known as the SoxRS regulon (1) (2) (3) (4) . Upon sensing a change in the cellular redox potential, induced, for example, by treatment of cells with the redox-cycling compound paraquat, SoxR undergoes a conformational change and activates transcription of the soxS gene (5, 6) . Newly synthesized SoxS then binds to the "soxbox" DNA sequence in the promoter regions of its target genes and activates their transcription (2, 7, 8) . Recent DNA macroarray analyses have indicated that SoxS may activate transcription of as many as 100 genes, though only about 20 are known to play a direct role in the defense against oxidative stress (9) .
SoxS is a member of the AraC/XylS family of bacterial transcription activators (10, 11) . SoxS is particularly closely related (ϳ45% amino acid sequence identity) to two other members of the protein family, MarA and Rob. Induction of MarA synthesis and artificial hyper-expression of Rob are known to regulate transcription of gene sets that are highly coincident with that regulated by SoxS, although each protein regulates many of the respective target genes to different degrees (12) (13) (14) (15) . MarA resides in the marRAB operon, whose transcription is repressed by MarR and induced by aromatic weak acids like salicylate; de novo synthesis of MarA, just like de novo synthesis of SoxS, acti-vates the transcription of the genes of the mar regulon, whose expression confers resistance to a variety of structurally unrelated antibiotics (16, 17) . Unlike SoxS and MarA, Rob is expressed constitutively at about 5,000 -10,000 molecules per cell (18, 19) . Though a rob::kan null mutation does not confer an obvious growth phenotype, it does reduce by fivefold the basal expression of micF, a gene whose transcription is known to be activated by SoxS and MarA (13, 19) . Moreover, artificial over-expression of Rob from a plasmid activates transcription of many of the same genes as SoxS and MarA, although with a different expression profile (14) . Thus, in E. coli, three proteins activate transcription of a large and common set of genes now known as the sox/mar/rob regulon; induction of the regulon by any of the three proteins confers resistance to multiple antibiotics, heavy metals, and redoxcycling compounds as well as tolerance to organic solvents (6, 16, 20) .
Abundant genetic and biochemical evidence has demonstrated unequivocally that SoxS, MarA, and Rob bind as monomers to the same 20 bp DNA sequences in the promoters of the genes they regulate, though they do so with different affinities (12, 13, (21) (22) (23) (24) (25) . This is not surprising, since they activate the same set of genes, but to different degrees, and have a high degree of amino acid sequence conservation, particularly within their dual helix-turn-helix DNA binding motifs (11, 26, 27) . However, an interesting and unusual property of these three proteins is that there is a rather large amount of sequence divergence among the various DNA sites they bind. From a set of 14 biologically active sequences known to be used for DNA binding and transcription activation in vivo, Martin et al. deduced the consensus sequence AYnGCACnnWnnRYYAAAYn (Y ϭ C, T; n ϭ A, C, G, T; W ϭ A, T; R ϭ A, G) (12) . In agreement, a systematic mutagenesis of the zwf and fpr soxboxes by Griffith and Wolf (28, 29) showed that the optimal binding sequence for SoxS contains four DNA binding determinants, the "invariant A" at the first position, Recognition Element 1 with sequence GCAC, Recognition Element 2 with sequence CAAA and an A/T-rich spacer; moreover, this work produced the optimal sequence for SoxS binding, AnVGCACWWWnKRHCAAAHn (V ϭ A, C, G; K ϭ G, T; H ϭ A, C, T), a sequence consistent with the less defined consensus of Martin et al. Lastly, information theory applied by Wood et al. (30) to a collection of 16 sequences known to bind SoxS in vitro provided a sequence logo depicting the relative frequency of each base at each position in the set of soxboxes; the conserved residues within the logo are consistent with the degeneracy of the consensus sequence of Martin et al. (12) and with the DNA binding determinants of Griffith and Wolf (28, 29) . More importantly, the information theory approach produced a measure of the average sequence conservation among the SoxS binding sites: the average binding site contains but 9.5 bits of information (30) . Thus, in random sequence, one soxbox would be expected every 724 bases (1/{2 9.5 }) on a given DNA strand. This means that a random sequence the size of the E. coli genome (4.6 ϫ 10 6 bp ϫ 2) would be expected to have ϳ12,700 SoxS binding sites! In turn, this analysis raises the intriguing question of how SoxS is able to bind to and activate transcription of its ϳ100 target genes when these binding sites represent only about 1% of the total SoxS binding sites in the genome. The same question pertains to transcription activation by MarA and Rob.
"Recruitment" is commonly accepted as the main mechanism of transcription activation in bacteria (31) . In the typical pathway of recruitment, the activator first binds its DNA target. Then, through protein-protein interactions with the DNA-bound activator, RNA polymerase (RNAP) is recruited to the promoter and a stable, open transcription initiation complex is formed As exemplified by catabolite gene activator protein (CAP, also known as cyclic AMP receptor protein, CRP), and lambda repressor, the activator can recruit RNAP by enhancing the binding of RNAP to the promoter, i.e., closed complex formation, and/or by stimulating the rate of conversion of the unstable RNAP-DNA closed complex to the stable open complex (31) . Accordingly, for recruitment to be the mechanism by which SoxS activates transcription of its target genes, it would appear that the cell would need to produce a very large number of SoxS molecules (or the sum of SoxS, MarA, and Rob), enough to ensure the binding of SoxS to the functional sites in the promoters of its target genes in the presence of the vast excess of equivalent but nonfunctional sites scattered throughout the chromosome. Given that fast-growing E. coli cells have 4 -6 genomes (32), then such fast-growing cells would contain ϳ65,000 SoxS binding sites (13,000 sites/ genome ϫ 5 genomes) and transcription activation by recruitment would require a similarly large number of SoxS molecules.
Here, we determine by computer analysis that the E. coli genome contains a number of SoxS binding sites similar to that predicted by information theory for a random sequence and we use immunoblot analysis to determine the number of SoxS molecules in E. coli cells growing in broth cultures. Finding that SoxSdependent gene expression begins almost immediately after induction and finding a maximum of only 2,500 SoxS molecules per cell, we infer that recruitment is not likely to be the mechanism of transcription activation employed by SoxS. We propose instead that activation may proceed by a new mechanism, which we refer to as "pre-recruitment."
MATERIALS AND METHODS
Computer analysis. We used computer program Alignall to search both strands of the E. coli genomic sequence (33) using the Vol. 291, No. 4, 2002 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS optimal SoxS binding sequence AnVGCACWWWnKRHCAAAHn.
(n ϭ A, C, G, T; V ϭ A, C, G; W ϭ A, T; K ϭ G, T; R ϭ A, G; H ϭ A, C, T) as the query sequence (28, 29) and allowing mismatches at 3 positions and 4 positions. The results were tallied with an editor. The program can be found at the following URL: http:// www.research.umbc.edu/ϳmoneill/software.
Western blots and determination of the number of SoxS molecules per cell. Rabbits (Pocono Rabbit Farm) were chosen for immunization with purified his 6 -SoxS (28) and preparation of anti-SoxS serum after first screening pre-immune sera for low titers of antibodies directed against low MW E. coli proteins. The antiserum was collected after six immunizations spaced 1 month apart. For the determination of SoxS abundance, overnight cultures of strain GC4468 (⌬lacU169 rpsL) (34) grown in LB medium at 37°C were diluted 1:100 into 110 ml of fresh LB medium and incubated at 37°C until the culture density reached A 600 ϳ0.1 at which point SoxS synthesis was induced by addition of 0.5 mM paraquat (methyl viologen; Sigma). At each time point, 11 ml samples were taken and placed on ice. One ml of each sample was removed and used for cell count determination as described below. The cells from the remaining 10 ml were immediately collected by centrifugation. The cell pellets were resuspended in 0.5 ml of sonication buffer (50 mM Tris-HCl, pH 7.9, 3 mM DTT, 1 mM EDTA, and 6 M urea) and subjected to sonication with a Branson sonifier for two pulses of 1 min. The insoluble cell material was removed by centrifugation at 13,000g for 30 min. The entire 500 l sonic extract from each sample was added to a microfuge tube containing 250 l of Laemmli gel loading buffer. Then, 10 l of each sample, containing the proteins from 1-5 ϫ 10 7 cells, was loaded into a well of an 18% Tris-glycine gel (Invitrogen) and subjected to SDS-PAGE. Proteins were transferred by electroblotting (Invitrogen) to polyvinylidene difluoride membrane and Western blot analysis was carried out with the ECF chemifluorescent substrate under the conditions described by the manufacturer (Amersham). The signals were detected and quantified with a Storm PhosphorImager (Molecular Dynamics) using ImageQuant software. Each gel contained 0.3, 1.0, and 3.0 ng of purified his 6 -SoxS. The signals of purified protein were directly proportional to the input concentration (r 2 ϭ 0.99) and were used to generate a standard curve from which the amount of SoxS in each lane of the gel could be accurately determined. From these values, the number of SoxS molecules per ml of culture in each sample was calculated. Control experiments confirming the identity of the band containing SoxS were conducted with strains DJ901 (⌬soxRS) (34), BW709 (soxR1 con ) (3), and GC4468/pBAD18-His 6 -SoxS. We also note that the sonic extracts contained a band of insoluble cross-reacting material of MW slightly less than that of SoxS. Its presence would interfere with SoxS quantitation, but most of it was removed by centrifugation. The insoluble cross-reacting material does not contain SoxS, because its relative abundance is the same in extracts of strains DJ901 and GC4468; moreover, the relative amount of the cross-reacting material is unaffected by paraquat treatment.
Aliquots of the samples taken at each time were serially diluted and the number of cells per ml was determined with a PetroffHausser chamber. Then, the number of SoxS molecules per cell at each time point was determined by dividing the number of SoxS molecules per ml by the total number of cells per ml. The number of SoxS molecules per cell was determined in five independent experiments and the values presented are the averages from those experiments. The standard deviation values were about 25% of the mean values.
Assay of ␤-galactosidase activity. Fusions of SoxS-dependent promoters to lac were carried on prophages integrated into the chromosome of strain RA4468 (GC4468 rob::kan) in single copy (13) . The lysogens were grown under the same conditions as described above for determination of the number of SoxS molecules per cell. The ␤-galactosidase specific activity in the samples taken at different times following paraquat treatment was determined as described previously (35) , except that the cultures were grown in flasks, not in 96-well polypropylene blocks. The values at each time after induction of SoxS synthesis with paraquat were divided by the values in the corresponding uninduced cultures to yield the induction ratios.
RESULTS

Estimating the Number of SoxS Binding Sites in the E. coli Genome
Since the sequence of the E. coli genome is nonrandom (33), we wanted to determine whether it contains as many SoxS binding sites as predicted by information theory. We used the optimal SoxS binding sequence (28, 29) AnVGCACWWWnKRHCAAAHn (n ϭ A, C, G, T; V ϭ A, C, G; W ϭ A, T; K ϭ G, T; R ϭ A, G; H ϭ A, C, T) as a query sequence. We chose the optimal binding sequence rather than the consensus sequence of Martin et al. (12) because the optimal sequence contains information at 17 of 20 positions and thus using it as query sequence might be a more rigorous screen for binding sites. Since the members of the set of 16 soxbox sequences known to bind SoxS in vitro (30) match the optimal sequence at an average of 13.3 positions of the 17 informative positions, we searched the E. coli genome (33) under conditions allowing 3 and 4 mismatches and we screened both strands of the genome. At 3 mismatches, we identified 2,490 sites and at 4 mismatches, we identified 16,809 sites. By interpolation, this means that the E. coli genome contains ϳ12,500 sites that match the optimal binding sequence at 13.3 positions. Thus, the number of potential SoxS binding sites in the E. coli genome estimated by this analysis is similar to the number predicted by information theory. More importantly, since genome expression analysis has shown that SoxS regulates expression of ϳ100 genes (9), it is clear that the soxboxes functional in gene expression are but a small fraction of the total number of SoxS binding sites in the cell. As discussed above, this raises the question of whether SoxS activates transcription by the recruitment mechanism, which would require enough SoxS molecules to bind to most of the ϳ65,000 soxboxes in fast-growing cells, or whether by some means SoxS is able to distinguish the functional sites from the vast excess of equivalent but non-functional sites.
The Number of SoxS Molecules in Fast-Growing Cells Following Induction with Paraquat
We grew strain GC4468 in broth and induced SoxS synthesis with 500 M paraquat, a concentration known to produce the maximum amount of SoxSdependent gene activation (36) . We took samples at various times after induction, determined the number of cells per ml, and disrupted the cells by sonication. After removing the cellular debris by centrifugation, a step necessary because of the presence in the cell extracts of insoluble, cross-reacting material that would otherwise interfere with quantitation of SoxS, we subjected the total soluble proteins to SDS-PAGE and immunoblotting with antiserum directed against highly purified his 6 -SoxS, as described under Materials and Methods. Using a standard curve prepared for each gel from three known amounts of SoxS over a 10-fold range, we determined the number of SoxS molecules per cell as a function of time after paraquat treatment. Figure 1 shows a typical immunoblot (Fig. 1A ) and the time course of the change in the number of SoxS molecules per cell after induction (Fig. 1B) . The experiments were repeated five times and the average values are presented. Prior to induction, the amount of SoxS was below the detection limit of the assay, which we estimate to be 50 -100 molecules per cell. After induction, a protein band appeared whose intensity varied as a function of time after paraquat treatment. Control experiments (not shown), using a strain deleted of SoxS (DJ901), a strain constitutively expressing SoxS (BW799), and a strain expressing plasmidborne his 6 -SoxS, showed that the protein band appearing after paraquat treatment is SoxS and not a cross-reacting protein induced by SoxS synthesis.
Following induction, the abundance of SoxS rapidly increased to a maximum of 2,500 molecules per cell and then gradually declined to a level of about 500 molecules/cell. Thus, the maximum number of SoxS molecules per cell, 2,500, is far below the estimates of the number of soxboxes per cell, 50,000 -65,000. Accordingly, if the soxboxes, both functional and nonfunctional, are more or less equivalent with respect to their ability to bind SoxS, then on average only about 4% of the sites will be bound at any given instant because there is a 25-fold excess of total SoxS binding sites relative to total SoxS molecules. Moreover, since the number of functional SoxS binding sites, ϳ500 per cell (ϳ100 genes/genome ϫ 5 genomes/cell), is small compared to the total number of soxboxes, then it would seem highly unlikely that SoxS would be able to activate transcription of its target genes without employing a means to discriminate between the functional and non-functional sites. In turn, this suggests that SoxS probably does not employ the recruitment mechanism described by Ptashne and Gann (31) to activate transcription of its target genes.
Kinetics of SoxS-Dependent Gene Expression Following Paraquat Induction of SoxS and the Effects of Hyperexpression of SoxS and the Presence of Rob on Target Gene Expression
A caveat to the inference that the number of SoxS molecules per cell is too small to allow transcription activation by recruitment is the possibility that activated gene expression is gradual and sub-optimal. To Figure 2 shows that the level of ␤-galactosidase produced from lac fusions to the fpr, fumC, micF, and zwf promoters begins to increase within a few mins after treating the culture with paraquat. This shows that significant SoxS-dependent gene expression occurs almost immediately, even before the maximum number of SoxS molecules per cell is produced. We also introduced plasmid pBAD18-his 6 -SoxS into the fusion strains and determined the time course of ␤-galactosidase expression following treatment of the cultures with 0.2% arabinose. When expressed from a plasmid under control of the arabinose-inducible araBAD promoter, about 100-fold more SoxS is produced from the plasmid under these conditions than is produced by induction of the chromosomal soxS gene with paraquat. Nonetheless, the amount of reporter gene expression was the same. Thus, the amount of SoxS in cells treated with paraquat is not limiting. If recruitment were the mechanism for SoxS activation of transcription of the small number of target genes relative to the excess of potential binding sites, then one might expect that the amount of SoxS would be subsaturating and that this would produce sub-maximal amounts of activated target gene expression. Accordingly, this experiment provides additional evidence that recruitment is not the mechanism of transcription activation by SoxS.
Another possible way in which SoxS might employ recruitment as the mechanism for transcription activation even when the number of SoxS molecules is small compared to the total number of binding sites would be if activation is dependent on the sum of the newly synthesized SoxS molecules and the 5,000-10,000 molecules of constitutively expressed Rob (18, 19) . In this case, the total number of molecules potentially able to activate target gene expression, ϳ7,500 -12,500, would be three-to fivefold closer to the number of soxboxes than if Rob does not contribute to SoxSdependent gene expression. However, a rob::kan null mutation has no effect on the amount of target gene expression after induction of SoxS synthesis with paraquat (13) . We conclude that Rob does not make a significant contribution to SoxS-dependent gene activation.
DISCUSSION
Recruitment is commonly accepted as the primary mechanism of transcription activation in E. coli (31) . Typically, the activator binds with relatively high affinity, e.g., K D Յ 10 Ϫ9 M, to a small number of DNA sites with relatively high sequence conservation. This binding then promotes open complex formation through protein-protein interactions between the activator and RNAP. This binding order is not obligatory as RNAP could form an unstable, closed complex before the activator binds its recognition sequence. While it is presumed that the number of activator molecules is approximately equal to or exceeds the number of specific binding sites, few studies have directly addressed this point.
Our work has provided evidence that SoxS, and by inference, MarA, and Rob, probably do not function by recruitment and we describe below arguments supporting its action by a new mechanism, which we term "pre-recruitment." Inconsistent with activation by recruitment, the data presented here show that the number of SoxS binding sites in fast-growing E. coli cells far exceeds the number of SoxS molecules. Using information theory, we had already calculated that a 4.6 ϫ 10 6 bp genome of random sequence would have 13,000 SoxS binding sites such that fast-growing cells with 4 -6 genomes per cell would contain 65,000 binding sites (28 -30) . Given the macroarray data showing that SoxS regulates ϳ100 genes (9), the number of functional SoxS binding sites would represent only about 1% of the total SoxS binding sites in fast-growing cells. The computer analysis presented above supports this estimate. Using the optimal SoxS binding sequence to interrogate the E. coli genome, we found ϳ12,500 sites when we allowed 3.7 mismatches among the 17 informative positions in the query sequence. Thus, this estimate of the number of sites in the E. coli genome is consistent with the estimate based on information theory and random sequence. Recently, Martin et al. (37) used their consensus sequence to estimate the number of SoxS/MarA/Rob binding sites in the E. coli genome. In good agreement with our estimates, they found that 9,158 sites in the genome match the consensus sequence in at least 11 of the 14 specified positions (37) . Moreover, and in perfect agreement, Martin et al. determined directly that the E. coli genome does indeed contain ϳ13,000 binding sites: they conducted gel mobility shift experiments with total E. coli DNA partially digested with SauIIIa and HpaI and found that the amounts of DNA shifted by SoxS and MarA were equivalent to the presence of 13,000 binding sites per genome (37) . Thus, these four measures consistently agree that the E. coli genome contains Ն10,000 binding sites.
We used Western blot analysis employing purified his 6 -SoxS as a standard to determine the number of SoxS molecules in uninduced cells and as a function of time after induction of SoxS synthesis with paraquat ( Fig. 1) . Prior to induction, the number of SoxS molecules was below the limit of detection by our sensitive chemifluorescence assay system, i.e., Ͻ50 -100 molecules per cell. Immediately after induction there was a rapid increase in the number of SoxS molecules per cell so that in 20 min, the cells contained about 2,500 molecules. After reaching this maximum, the number of SoxS molecules per cell gradually declined. By rearranging the data into a differential plot of the number of molecules per ml as a function of the number of cells per ml (not shown), we found that SoxS initially accumulates at a rate producing ϳ2,500 -3,000 molecules per cell and later accumulates at a rate producing ϳ850 molecules per cell. We do not know the basis for this biphasic accumulation rate of SoxS. It is not likely to be due to a rapid burst of synthesis followed by total shutoff of SoxS synthesis and then dilution through growth and cell division of the newly synthesized SoxS molecules because, in work to be reported elsewhere, we have found that SoxS is very unstable, with a halflife of ϳ3 min. One possible explanation for the biphasic kinetics of SoxS accumulation is that by ϳ20 min after induction, the activation of the regulon's genes has begun to restore to normal the physiological state of the cell, e.g., its redox potential, such that partially activated SoxR produces a sub-maximal accumulation rate of SoxS. Alternatively, the reduction in the rate of SoxS accumulation may be due to the negative autoregulation of SoxS synthesis described by Nunoshiba et al. (38) . Regardless of the biphasic kinetics of SoxS accumulation, it is clear that the maximum number of SoxS molecules produced after paraquat treatment is small compared to the total number of SoxS binding sites in the cell and thus that recruitment is not likely to be the mechanism of transcription activation.
As a solution to the conundrum, we propose that SoxS uses a pre-recruitment mechanism for transcription activation. In this mechanism, SoxS would first make protein-protein contacts with RNAP, either in solution, or as the two molecules collide during their independent diffusion along the chromosomal DNA. The SoxS-RNAP binary complexes would then scan the chromosome for promoters containing SoxS binding sites in the proper position and orientation for transcription activation. Once found, the complexes might rearrange to allow activation at the two types of SoxSdependent promoters (2, 12, 30) . Thus, by this mechanism, SoxS "pre-recruits" RNAP by interacting with it before either has bound specifically to the promoter regions of activatable genes. In so doing, the deficit in sequence conservation of the SoxS binding sites is overcome by adding to the total information, the sequence conservation of the promoter hexamers, as recognized by the subunit of RNAP. In other words, the binary complex scans the chromosome for sites containing both the sequences recognizes by RNAP as well as the sequence recognized by SoxS. As such, by using the sequence information residing in the promoter, the binary complexes would be able to distinguish the functional SoxS binding sites from the vast excess of binding sites that are not functional because an activatable promoter does not reside nearby. To summarize the basic mechanistic difference between recruitment and pre-recruitment, we note that the hallmark of recruitment is that the protein-protein interactions between the activator and RNAP occur after one or both proteins have bound specifically to their DNA targets, whereas in pre-recruitment the protein-protein interactions between the activator and RNAP occur in the absence of specific DNA binding; thus, the proteinprotein interactions in recruitment produce a DNAactivator-RNAP ternary complex whereas in prerecruitment, the protein-protein interactions result in formation of an activator-RNAP binary complex. In work to be described in detail elsewhere, we provide genetic evidence supporting pre-recruitment as the mechanism of transcription activation by SoxS. Briefly, we found that SoxS mutants severely defective in DNA binding are trans-dominant negative to the wild type SoxS allele, while positive control mutants of SoxS are recessive. When recruitment is the mechanism of transcription, positive control mutants of the activator are trans-dominant negative, while mutants defective in DNA binding are recessive.
Martin et al. have proposed a similar model for transcription activation by MarA and SoxS, a model they refer to as "DNA scanning" (37) . Moreover, they have provided strong, direct evidence for the model by demonstrating that MarA and SoxS are able to form binary complexes with RNAP in solution and that the equilibrium binding constant for the interaction is ϳ0.3 M (37). Rob may also activate transcription by this mechanism as it too is able to interact with RNAP in solution, though with lower affinity than MarA and SoxS (37) . They also showed that ternary complexes containing RNAP, promoter DNA, and either MarA or SoxS are more stable than the corresponding ternary complex containing Rob (37) . Thus, in addition to the theoretical arguments presented here that lead to the hypothesis that pre-recruitment/DNA scanning, not recruitment, is the mechanism of transcription activation by SoxS, MarA, and Rob, both genetic and biochemical experiments are available to provide direct support for the model.
In further support of pre-recruitment/DNA scanning as the pathway of transcription activation by SoxS, we point out that a fundamental feature of the SoxRS and MarRAB systems is at odds with recruitment as the mechanism. In most genetic regulatory systems, both the sensor and the regulator are present at all times (and are often functions of a single protein) so that when a signal is received, the response can be initiated immediately and at a maximum rate. This is not the case with the two gene, two stage SoxRS and MarRAB systems, since SoxS and MarA must be synthesized de novo before they can begin to mount the respective defense responses (7, 8, 17, 39) . Having to synthesize the regulator before initiating a response against toxic agents like redox-cycling compounds and antibiotics would appear to be a bad regulatory design. However, the SoxRS and MarRAB systems can theoretically begin to respond rapidly, because with SoxS and MarA being only107 and 129 amino acids in length, respectively, the polypeptides can be synthesized in only ϳ7-8 sec, since the polypeptide chain elongation rate is 15 amino acids/sec in fast-growing cells (32) . Moreover, since SoxS and MarA bind DNA and activate transcription as monomers (23, 27) , the cell does not have to accumulate a high enough concentration to allow oligomerization and thus the first SoxS and MarA molecules synthesized have the potential to initiate the defense response. However, the fact that the soxboxes/marboxes residing in SoxS-/MarA-dependent promoters represent only a small fraction of the total number of SoxS/MarA binding sites means that activation of the target gene transcription is not likely to occur efficiently by recruitment, because most newly synthesized molecules would bind to non-functional sites and not sites where they could activate transcription. Because of this limitation, it is even more difficult to see how recruitment would allow the cell to induce gene expression within mins after receiving the stress signal. Pre-recruitment, on the other hand, provides a solution to the problem, since the first SoxS/MarA molecules synthesized would be able to interact immediately with molecules of RNAP to form SoxS-RNAP or MarA-RNAP binary complexes, which would then be able to scan the chromosome in search of SoxS-/MarAdependent promoters. Accordingly, pre-recruitment would provide a means for the two gene, two stage SoxRS and MarRAB systems to respond quickly to potentially lethal stresses and to do so even though the direct regulator of the defense response binds to a highly degenerate binding site.
The pre-recruitment/DNA scanning pathway of transcription activation may be used widely throughout biology. For example, eukaryotic transcription activators often recognize a short DNA sequence that is present at thousands of sites in the genome. We argue that to overcome this low information content, activators frequently form multi-protein transcription initiation complexes, e.g., "enhanceosomes" (40 -42) , where the ability to bind specifically to target promoters is achieved by combining the DNA binding specificities of several proteins in the complex. This process is equivalent to the pre-recruitment/DNA scanning model that we propose here and that Martin et al. (37) have proposed elsewhere.
